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(57) ABSTRACT

A piezoelectric element includes a substrate, and at least a
lower electrode layer, a piezoelectric film represented by a
general formula of (NaK Li)NbO, (O=x<l, O=ysl,
0=7z=<0.2, x+y+z=1); and an upper electrode layer succes-
stvely formed on the substrate. The piezoelectric film has a
crystal structure of pseudo-cubic crystal, tetragonal crystal,
orthorhombic crystal, monoclinic crystal or rhombohedral
crystal, or has a state that at least two of the crystal structures
coexist. The piezoelectric film 1s preferentially oriented to
certain specific axes that are not more than two axes of crystal
axes 1n the crystal structures. At least one of domain crystal
component of a ¢c-axis orientation domain crystal component
and an a-axis orientation domain crystal component exists as
the components of the crystal axes oriented.
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PIEZOELECTRIC ELEMENT AND
PIEZOELECTRIC DEVICE

The present application 1s based on Japanese patent appli-
cation No. 2012-011373 filed on Jan. 23, 2012, the entire
contents of which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to a piezoelectric element configured
such that a piezoelectric property 1s improved by controlling
crystal orientation of a piezoelectric film using lithium potas-
sium sodium niobate and a piezoelectric device.

2. Description of the Related Art

A piezoelectric material 1s processed so as to form various
piezoelectric elements 1n accordance with a variety of the
intended uses, 1n particular, 1s widely used as a functional
clectronic component such as an actuator that allows an
object to be changed 1n shape when an electric voltage 1s
applied thereto, a sensor that generates an electric voltage due
to the change 1n shape of the element reversely.

As the piezoelectric material that 1s used for the application
of the actuator and the sensor, a lead-based dielectric material
that has an excellent piezoelectric property, 1n particular, a
Pb(Zr,_+11,)O, based perovskite type dielectric material that
1s referred to as a PZT has been widely used, normally the
PZT dielectric material 1s formed by sintering an oxide com-
prised of an mndividual element.

In addition, recently, in terms of environmental consider-
ation, 1t 1s desired that a piezoelectric maternial that 1s lead-1ree
1s developed, and 1t 1s 1 progress to develop lithium potas-
sium sodium mobate represented by a general formula of
(Na, K, L1, )NbO; (0<x<I, O<y<l, 0<z<l, x+y+z=1) or the
like. The lithtum potassium sodium niobate has a piezoelec-
tric property comparable to the PZT, thus the niobate 1s
expected as a strong candidate of a lead-free piezoelectric
material.

On the other hand, at present, various electronic compo-
nents become more downsized and upgraded, thus it 1s
strongly needed for the piezoelectric element to be downsized
and upgraded. However, a piezoelectric material manufac-
tured by a conventional manufacturing method such as a
sintering method, particularly 111t has a thickness of not more
than 10 um, 1s configured to have a thickness that 1s close to
the size of the crystal grain constituting the material, thus the
influence thereof cannot be ignored. Consequently, a problem
1s caused that variation and deterioration in the property
become prominent, thus in recent years, for the purpose of
preventing the problem, a forming method of a piezoelectric
film 1n which a thin film technology and the like are applied
instead of the sintering method has been 1nvestigated.

Recently, a PZT thin film formed on a silicon substrate by
a RF sputtering method 1s put into practical use as an actuator
for a head of a high-definition and high-speed ink-jet printer
(for example, refer to JP-H10-286953 A1 and “High perfor-
mance piezoelectric material and advancing applied technol-
ogy”’ supervising editor: Kiyoshi Nakamura, published by
Science & Technology, 2007).

In addition, a piezoelectric film that 1s represented by a
general formula of (Na, K 1.1, )NbO, and has a high orienta-
tion 1n a particular plane direction 1s also proposed as a

piezoelectric element of lithium potassium sodium niobate
that 1s lead-free (for example, refer to JP-A-2007-019302).

According to JP-A-2007-019302, for example, the piezoelec-
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2

tric film formed by a sputtering method can be lead-free and
obtain an excellent piezoelectric property.

SUMMARY OF THE INVENTION

A lead-Iree piezoelectric film 1s formed as a piezoelectric
film, thereby a printer head of a high-definition and high-
speed 1nk-jet printer and a downsized and low-cost gyro sen-
sor that are reduced 1n an environment load can be fabricated.
As the particular candidate, a basic research of thinned
lithium potassium sodium niobate 1s currently underway. For
the cost reduction 1n the application area, 1t 1s essential that a
technique for forming the piezoelectric film on a S1 substrate
or a glass substrate 1n a well-controlled state 1s established. In
case of fabricating an actuator or a sensor by using the Si
substrate, conventionally, 1n a lead-free based piezoelectric
film corresponding to a basic portion of the piezoelectric
clement, domain crystal components (c-axis and a-axis ori-
entation domain crystal components) of crystallite preferen-
tially oriented along each crystal axis are not be controlled,
thus 1t 1s difficult to stably manufacture a lead-free based
device that has a long life and a high piezoelectric constant.

In the element, the component ratio between the c-axis and
a-axis orientation domain crystal components of the crystal-
lite 1s different depending on portions, thus the piezoelectric
constant and voltage dependence thereot of the piezoelectric
f1lm formed on the substrate become inhomogeneous, so as to
be one of the causes of the lowering of production yield.

Accordingly, 1t 1s an object of the mvention to provide a
piezoelectric element that has an excellent piezoelectric prop-
erty and a high reliability, as well as a piezoelectric device
using the piezoelectric film.

(1) According to one embodiment of the invention, a piezo-
clectric element comprising:

a substrate; and

at least a lower electrode layer; a piezoelectric film repre-
sented by a general formula ot (Na,K L1 )NbO; (O=sx=l,
O=y=1, 0=z=<0.2, x+y+z=1); and an upper electrode layer
successively formed on the substrate,

wherein the piezoelectric film has a crystal structure of
pseudo-cubic crystal, tetragonal crystal, orthorhombic crys-
tal, monoclinic crystal or rhombohedral crystal, or has a state
that at least two of the crystal structures coexist,

the piezoelectric film 1s preferentially oniented to certain
specific axes that are not more than two axes of crystal axes 1n
the crystal structures, and

at least one of domain crystal component of a c-axis ori-
entation domain crystal component and an a-axis orientation
domain crystal component exists as the components of the
crystal axes oriented.

In the above embodiment (1) of the invention, the follow-
ing modifications and changes can be made.

(1) A quantitative relationship between the c-axis orienta-
tion domain crystal component and the a-axis orientation
domain crystal component as the components of the oriented
crystal axes of the piezoelectric film 1s configured such that, 1f
the total component ratios of both of the components are
defined as 100%, the component ratio of the c-axis orientation
domain crystal component falls within the range of 10 to
90%, and the component ratio of the a-axis orientation
domain crystal component falls within the range of 90 to
10%.

(11) The piezoelectric film has an aggregate structure com-
prised of particles having a columnar structure.

(111) The piezoelectric film has a composition of crystal or
amorphia represented by a general formula of ABO,, or the
mixture of the crystal and the amorphia 1n at least a part




US 9,293,688 B2

3

thereot, where A represents at least one element selected from
the group consisting of L1, Na, K, Pb, La, Sr, Nd, Ba and Bi,
B represents at least one element selected from the group
consisting of Zr, T1, Mn, Mg, Nb, Sn, Sb, Ta and In, and O
represents oxygen.

(1v) The lower electrode layer 1s an electrode layer com-
prising Ptor an alloy containing Pt as a main component, or an
clectrode layer having a multilayer structure including a layer

comprising Pt as a main component.

(v) The lower electrode layer 1s an electrode layer having a
multilayer structure including a layer comprising at least one
clement selected from the group consisting of Ru, Ir, Sn and
In, the oxide of the elements or a compound between ele-
ments contained in the piezoelectric film and the elements of

Ru, Ir, Sn and In.

(v1) The upper electrode layer 1s an electrode layer com-
prising Pt or an alloy containing Pt as a main component, or an
clectrode layer having a multilayer structure including a layer
comprising Pt as a main component.

(vi1) The upper electrode layer 1s an electrode layer having
a multilayer structure including a layer comprising at least
one element selected from the group consisting of Ru, Ir, Sn
and In, the oxide of the elements or a compound between
clements contained in the piezoelectric film and the elements
of Ru, Ir, Sn and In.

(vi1) The lower electrode layer 1s an electrode layer that 1s
formed of a single layer or a multilayer structure, and 1is
preferentially oriented 1mn a direction perpendicular to the
surface of the substrate in the crystal orientation.

(1x) The substrate comprises crystal or amorphia of Si,
MgQO, Zn0O, SrT10,, SrRuO,, glass, quartz glass, GaAs, GaN,
sapphire, Ge or stainless, or a composite thereof.

(2) According to another embodiment of the invention, a
piezoelectric device comprises:

the piezoelectric element according to the above embodi-
ment (1); and

a voltage applying device or a voltage detecting device
connected between the lower electrode layer and the upper
clectrode layer of the piezoelectric element.

The 1invention 1s invented such that, in order to solve the
above problems, the component materials for the piezoelec-
tric 1ilm, the electrode layers, the substrate and the adhesion
layer as components are properly selected, the manufacturing
conditions of the materials are optimized, and the domain
crystal component ratio of the piezoelectric film (thus
obtained and preferentially oriented) oriented along each
crystal axis 1s accurately measured, so that the domain crystal
component ratio of each axis orientation of the piezoelectric
film can be intentionally controlled so as to freely control the
piezoelectric property demanded by the specific use. Thus, a
piezoelectric film can be provided that exhibits any piezoelec-
tric property depending on the use of the various piezoelectric
clements such as a sensor requiring a high piezoelectric con-
stant at low voltage and an actuator requiring a large piezo-
clectric displacement amount from low voltage to high volt-
age.

Eftects of the Invention

According to one embodiment of the invention, a piezo-
clectric element can be provided that has an excellent piezo-
clectric property and a high reliability, as well as a piezoelec-
tric device using the piezoelectric film.

BRIEF DESCRIPTION OF THE DRAWINGS

The preferred embodiments according to the invention waill
be explained below referring to the drawings, wherein:
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FIG. 1 1s a cross-sectional view schematically showing a
piezoelectric element according to Example of the invention;

FIG. 2 1s an explanatory view schematically showing a
concept of a sputtering film forming method;

FIG. 3 1s an example of an X-ray analysis pattern of 20/0
scan 1n the piezoelectric element according to Example of the
invention;

FIG. 4 1s an explanatory view schematically showing a
crystal structure of a KNN piezoelectric film according to
Example of the invention;

FIG. 5A 1s a cross-sectional view schematically showing
the KNN piezoelectric film according to Example of the
invention, that 1s in a state that c-axis orientation domain
crystal component 1s large and a-axis orientation domain
crystal component 1s small;

FIG. 5B 1s a cross-sectional view schematically showing,
the KNN piezoelectric film according to Example of the
invention, that 1s in a state that the c-axis orientation domain
crystal component 1s small and the a-axis orientation domain
crystal component 1s large;

FIG. 6 A 1s a cross-sectional view schematically showing
an X-ray diffraction spectrum of 002 and 200 of the KNN
piezoelectric film according to Example of the invention, that
1s 1n a state that the c-axis orientation domain crystal compo-
nent 1s large and the a-axis orientation domain crystal com-
ponent 1s small;

FIG. 6B 1s a cross-sectional view schematically showing
an X-ray diffraction spectrum of 002 and 200 of the KNN
piezoelectric film according to Example of the invention, that
1s 1n a state that the c-axis orientation domain crystal compo-
nent 1s small and the a-axis orientation domain crystal com-
ponent 1s large;

FIG. 7 1s a graph showing a correlation between the a-axis
and c-axis orientation domain crystal component ratios of the
piezoelectric film, and a piezoelectric constant at the time of
applying different voltages 1n the piezoelectric element using
the piezoelectric film according to Example of the invention;

FIG. 8 1s a graph showing a correlation between the a-axis
and c-axi1s orientation domain crystal component ratios of the
piezoelectric film, and a piezoelectric constant relative
change 1n the piezoelectric element using the piezoelectric
film according to Example of the invention; and

FIG. 9 1s a cross-sectional view schematically showing a

piezoelectric device according to an embodiment of the
invention.

PR.

(L]
=T

ERRED

DETAILED DESCRIPTION OF THE
EMBODIMENTS

Heremaftter, the piezoelectric element according to the
embodiment of the mnvention.

Structure of Piezoelectric Element

As shown 1n FIG. 1, the piezoelectric element 10 includes
substrate 1 and an adhesion layer 2 formed on the surface of
the substrate 1, a lower electrode layer 3 formed on the adhe-
sion layer 2, a piezoelectric film 4 on the lower electrode layer
3 and an upper electrode layer 5 formed on the piezoelectric
f1lm 4, and the piezoelectric film 4 1s comprised of a perovs-
kite type alkali niobate represented by a general formula of
(Na, K, L1)NbO; (0O=x=1, Osy=l, 0=z<0.2, x+y+z=1). In
addition, the piezoelectric element 10 1s configured such that
the lower electrode layer 3 1s formed so as to be oriented 1n a
predetermined direction and the piezoelectric film 4 1s formed
so as to be preferentially oriented in a predetermined direc-
tion to the lower electrode layer 3.
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Substrate

As a matenial of the substrate 1, for example, crystal or
amorphia of S1, MgQO, ZnO, SrT10;, SrRuQO,, glass, quartz
glass, GaAs, GaN, sapphire, Ge or stainless, or a composite
thereotf can be used. Above all, a S1 substrate that 1s low cost
and 1s 1ndustrially proven 1s preferably used. Further, 1t 1s
preferable that 1f the S1 substrate 1s used, an oxide film 1s
formed on the surface of the Si1 substrate.

As the substrate 1, 1t 1s preferred to select a substrate that 1s
capable of strictly controlling the orientation domain crystal
component ratio by comparing the crystal orientation of the
lithium potassium sodium niobate film 1n details, with regard
to the piezoelectric element 1n which the adhesion layer, the
lower electrode layer and the lithium potassium sodium nio-
bate film as the piezoelectric film that are afterward formed
are formed.

As the oxide film (not shown) formed on the surface of the
substrate 1, a thermally-oxidized film formed by a thermal
oxidization, a S1 oxide film formed by a chemical vapor
deposition (CVD) method and the like can be used. Further,
the lower electrode layer such as a Pt electrode can be directly
tormed on the oxide substrate such as a quartz glass substrate,
a MgO substrate, a SrT10, substrate, a SrRuQO, substrate
without forming the oxide film.

Lower Electrode Layer

The lower electrode layer 3 1s formed on the substrate 1 via
the adhesion layer 2. The lower electrode layer 3 1s an 1mpor-
tant layer for allowing the piezoelectric film 4 to be formed,
for example, and 1s formed by a sputtering method or a
deposition method. It 1s preferable that the lower electrode
layer 3 1s preferentially oriented in a (111) plane direction.
The lower electrode layer 3 preferentially oriented in the
(111) plane direction (a direction perpendicular to the surface
of the substrate 1) becomes a polycrystal having a columnar
structure, so that the piezoelectric film 4 formed on the lower
clectrode layer 3 can be preferentially oriented in a specific
plane direction.

It 1s preferable that the lower electrode 3 i1s an electrode
layer that 1s comprised of Pt or an alloy containing Pt as a
main component, or an electrode layer having a multilayer
structure including a layer comprised of Pt as a main compo-
nent. In addition, 1t 1s preferable that lower electrode layer 3
1s formed so as to be oriented 1n the (111) plane direction, and
it can be also adopted that the adhesion layer 2 configured to
heighten an adhesion to the substrate 1 1s formed between the
substrate 1 and the lower electrode layer 3 comprised of Pt or
the alloy containing Pt as a main component.

Piezoelectric Film

The piezoelectric film 4 1s comprised of a perovskite type
alkali oxide represented by a general formula of (Na, K L1,
NbO, (0O=x=<1, O=y=1, 0=z=0.2, x+y+7z=1) as a main phase.
For example, the piezoelectric film 4 can be configured such
that the potassium sodium niobate or the lithium potassium
sodium niobate 1s doped with a predetermined amount of Cu,
Ta, V or the like.

The film formation of the piezoelectric film 4 1s carried out
by using a RF sputtering method, an 1on beam sputtering
method, a CVD method or the like.

Measurement and Control of Film Formation Orientation

Conventionally, with regard to crystal orientation of the
lithium potassium sodium niobate film (including the potas-
sium sodium niobate film), detail analysis thereof and accu-
rate control based on the analysis do not have been carried
out. Namely, hitherto 1t has been left unclear whether the
crystal orientation of the piezoelectric film 1s 1n a state of a
random orientation, or 1n a state that only certain one axis 1s
preferentially oriented 1mn a direction perpendicular to the
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substrate, or 1n a state that specific axes of not less than two are

preferentially oriented at what ratio, or the like.

Namely, with regard to the crystal orientation that is one of
property determining factors of the piezoelectric film, the
piezoelectric film has been manufactured without carrying
out quantification for finding a slight change, thus a desired
piezoelectric property according to the required performance
of the device could not be obtained with high reproducibility.
Actually, with regard to the lithium potassium sodium niobate
f1lm that 1s 1n a state of the (001 ) preferential orientation, the
piezoelectric property thereol may be differentiated depend-
ing on a film formation place or a manufacturing lot.

Thereason s as follows. Conventionally, although 1t can be
confirmed by a simple X-ray diffraction method referred to as
a 20/0 scan generally known that the crystal orientation 1s
approximately 1n a state of the (001) preferential orientation,
1t 15 1mpossible to carry out a detail analysis without finding
out a small change of the (001) or (100) onientation of the
piezoelectric film. As a result, 1t 1s difficult to grow the crystal
by strictly carrying out the control of the (001) plane crystal
orientation and the (100) plane crystal orientation. In order to
enhance throughput of quality control, measurement due to a
high speed scan 1s essential, but 1n case of using a X-ray
detector having a low resolution or a X-ray source having a
weak intensity, 1t 1s difficult to separately measure the respec-
tive X-ray diffraction spectrums corresponding to the (001)
plane crystal orientation and the (100) plane crystal orienta-
tion, thus the crystal state of the orientation domain along
cach crystal axis cannot be clarified.

Then, anew study about the conventional X-ray diffraction
1s advanced, and the optimization ol measurement condition
1s carried out by using a two-dimensional X-ray detector
having a high resolution and a strong intensity micro part
X-ray source, so that the structure of the piezoelectric film
according to the preferred embodiment of the invention has
been strictly specified.

The X-ray analysis apparatus includes, for example, an
X-ray diffraction device with high power X-ray generator in
which a two-dimensional detector having a large area X-ray
detection region 1s mounted, the device being manufactured
by BRUKER AXS and sold by the trade name of D8 DIS-
COVER with HI STAR (registered trade mark). Further, with
regard to the orientation condition of the polycrystal, refer to
the following reference literatures 1n which the details thereof
are described.

Reference literature 1: “Handbook of X-ray diffraction”,
edited by Rigaku Corporation, the revised fourth edition,
published by Rigaku Corporation, 1986

Reference literature 2: “New edition Elements of X-ray dii-
fraction” wrote by Cullity, published by Agne-sHoFu cormn,
1980
Crystal Orientation of Piezoelectric Film
The piezoelectric film 4 has a crystal structure of pseudo-

cubic crystal, tetragonal crystal, orthorhombic crystal, mono-

clinic crystal or rhombohedral crystal, or has a state that at
least two of the crystal structures coexist. It 1s preferable that
the piezoelectric film 4 has a crystal structure of pseudo-cubic

crystal, tetragonal crystal, or orthorhombic crystal, or has a

state that at least one of the crystal structures coexists. In

addition, the piezoelectric film 4 1s preferentially oriented to
certain specific axes that are not more than two axes of crystal
axes 1n the crystal structures, and at least one of domain
crystal component of the c-axis orientation domain crystal
component and the a-axis orientation domain crystal compo-
nent exists as the components of the crystal axes oriented. In
the mvention, domain crystal components (the c-axis and
a-axis orientation domain crystal components) of crystallite
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preferentially oriented along each crystal axis are quantified,
and are accurately controlled and supervised, thereby the
required piezoelectric property can be enhanced.

It 1s preferable that a quantitative relationship between the
c-axis orientation domain crystal component and the a-axis
orientation domain crystal component as the components of
the oriented crystal axes of the piezoelectric film 1s configured
such that, if the total component ratios of both of the compo-
nents are defined as 100%, the component ratio of the c-axis
orientation domain crystal component falls within the range
of 10 to 90%, and the component ratio of the a-axis orienta-
tion domain crystal component falls within the range of 90 to
10%.

The piezoelectric property of the piezoelectric element 10
manufactured 1s varied depending on which domain compo-
nent 1s larger 1n the component ratio, thus by controlling the
domain component ratio of the crystal axes of the piezoelec-
tric film 1n accordance with application use, the required
property can be enhanced.

In case that the total component ratios of the a-axis and
c-axis orientation domain crystal components are defined as
100%, and the component ratios of the both axes fall within
the above-mentioned range, 1f the c-axis orientation domain
crystal component 1s larger than the a-axis orientation domain
crystal component in the component ratio, there 1s a tendency
that an amount of voltage change of the piezoelectric constant
1s reduced. Namely, it means that variation width of piezo-
clectric property due to increase and decrease of voltage can
be prevented, and in case of applying to a product for which
increase ol the piezoelectric constant in a low voltage 1s
required, the required property can be achieved by manufac-
turing 1t while controlling the crystal orientation such that the
c-axis orientation domain crystal component ratio occupies
most of the both axes component ratios.

In addition, 1n case that the component ratios of the both
axes lall within the above-mentioned range, 1f the a-axis
orientation domain crystal component is larger than the c-axis
orientation domain crystal component in the component
rati0, there 1s a tendency that voltage dependence of the
piezoelectric constant 1s increased. Namely, 1t means that
variation width of piezoelectric property to voltage 1s large,
and 1n case of applying to a product for which control of
piezoelectric displacement amount according to largeness of
applied voltage 1s required, the required property can be
achieved by manufacturing it while controlling the crystal
orientation such that the a-axis orientation domain crystal
component ratio occupies most of the both axes component
ratios.

In the mvention, the orientation of the piezoelectric film 1s
accurately measured and the film formation is carried out 1n
the optimum condition described below, and the crystal ori-
entation of the piezoelectric film 1s stably controlled, thereby
the piezoelectric element and the piezoelectric device manu-
factured 1s configured such that enhancement of piezoelectric
property and stabilization are realized, and a micro device
having a high performance can be provided at a low cost.

Manufacturing Method of Piezoelectric Element

Next, a manufacturing method of the piezoelectric element
10 according to the embodiment will be explained based on
FIG. 1. Hereinalter, a manufacturing method of the piezoelec-
tric element 10 including the piezoelectric {ilm 4 according to
the embodiment will be explained.

The manufacturing method of the piezoelectric element 10
according to the embodiment 1includes a step of forming the
lower electrode layer 3 on the substrate 1 via the adhesion
layer 2, a step of forming the piezoelectric film 4 on the lower
clectrode layer 3, the piezoelectric film 4 comprised of a
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perovskite type alkali niobate represented by a general for-
mulaof(Na K L1, )NbO; (0=x<1, 0<y=<l, 0=z<0.2, x+y+z=1)
and having a crystal structure of pseudo-cubic crystal, tet-
ragonal crystal, orthorhombic crystal, monoclinic crystal or
rhombohedral crystal, or has a state that at least one of the
crystal structures coexists, and a step of forming the upper
clectrode layer 5 on the piezoelectric film 4.

First, the lower electrode layer 3 that 1s preferentially ori-
ented 1in the (111) plane direction 1s formed on the substrate 1
via the adhesion layer 2. It 1s preferable that the lower elec-
trode layer 3 1s an electrode layer comprising Pt or an alloy
containing Pt as a main component, or an electrode layer
having a multilayer structure including the electrode layer
comprising Pt as a main component. Or, 1t 1s preferable that
the lower electrode layer 3 1s an electrode layer comprising Pd
or an alloy containing Pd as a main component, or an elec-
trode layer having a multilayer structure including the layer
comprising Pd or an alloy containing Pd as a main compo-
nent. The optimum condition of the film formation at this time
will be explained below.

Next, the piezoelectric film 4 1s formed on the lower elec-
trode layer 3 by using a target having a predetermined com-
position ratio and a magnetron sputtering method. As the film
forming method of the piezoelectric film 4, a sol-gel method,
a hydrothermal synthesis method, an ion-beam sputtering
method, a CVD method, an Aerosol Deposition (A D) method
and the like other than a sputtering method can be used.

Subsequently, the upper electrode layer 5 1s formed on the
piezoelectric film 4. Further, the upper electrode layer 5 1s
formed similarly to the lower electrode layer 3.

Optimum Condition of Film Formation

The piezoelectric element 1s manufactured as mentioned
above, but 1n order to obtain a piezoelectric element having an
excellent piezoelectric property, 1t 1s necessary to manufac-
ture after optimizing the film formation condition. The opti-
mum condition will be explained below.

First, with regard to the substrate 1, a substrate that 1s
capable of strictly controlling the orientation domain crystal
component ratio of the lithtum potassium sodium niobate film
1s selected, and the adhesion layer 2, the lower electrode layer
3, the piezoelectric film 4 and the upper electrode layer 5 are
sequentially formed in the upper part thereof.

In order to form the piezoelectric film 4 with high repro-
ducibility, 1t 1s necessary to stably realize a crystal property of
the lower electrode layer 3 (the Pt film) that 1s an 1nitial crystal
growth surface of the piezoelectric film 4, thus the optimiza-
tion of the film formation condition such as a film formation
temperature, a film formation gas, a degree of vacuum 1s
carried out, and the crystal orientation of the lithium potas-
sium sodium niobate film 1s strictly controlled and supervised
by using an evaluation method of the orientation domain
based on the above-mentioned X-ray difiraction method opti-
mized.

As the film formation condition, first, study of the film
formation temperature 1s advanced, and 1t 1s found that the
film formation temperature of 100 to 500 degrees C. 1s an
optimum temperature range as a condition of being preferen-
tially oriented 1n the (111) plane direction.

In addition, 1n order to enhance smoothness of the surface
of the lower electrode layer 3 (the Pt film), T1 01 0.1 to several
nm 1in thickness that has a smooth surface 1s formed so as to
enhance homogeneity of a T1 layer that 1s the adhesion layer
2 to the substrate 1, and the lower electrode layer 3 (the Pt
f1lm) 1s formed 1n the upper part thereol, thereby the surface
roughness of the lower electrode layer 3 (the Pt film) 1s
reduced and controlled to several nm. Furthermore, the film
thickness of the lower electrode layer 3 (the Pt film) 1s accu-
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rately controlled so as to reduce the surface asperity of the
lower electrode layer 3 (the Pt film), thereby the lower elec-
trode layer 3 (the Pt film) that 1s polycrystal 1s formed such
that the size of the crystal particle 1s controlled so as to be
homogeneous.

In addition, 1n order to more surely realize the optimum
orientation domain component ratio of the lithium potassium
sodium niobate film, 1t can be also adopted that the manufac-
turing conditions such as a film formation temperature, a kind
of the sputtering operation gas, a pressure ol the operation
gas, a degree ol vacuum, an mnput electric power, and a heat
treatment after the film formation of the lithium potassium
sodium niobate film 1tself that becomes the piezoelectric film
4 1s adjusted and the optimization 1s carried out so as to obtain
the crystal orientation that 1s capable of enhancing the piezo-
clectric property.

With regard to the above-mentioned conditions, the manu-
facturing conditions, an evaluation method and supervise
method are studied strictly and 1n detail according to each
device or various environments, thereby the lithtum potas-
sium sodium niobate film having pseudo-cubic crystal 1n
which the c-axis orientation domain crystal component or the
a-axis orientation domain crystal component exists or both of
the domain crystal components coexist can be formed with
high reproducibility.

In particular, 1n order to strictly control the orientation
domain crystal component of each axis, the film formation
temperature 1s accurately configured so as to be always con-
stant, so that the (111) onentation component and the (001)
orientation component fall within the range of a certain ratio.
The film formation temperature i1s configured so as to fall
within the temperature range that 1s capable of realizing the
optimum orientation domain crystal component ratio by
using heat conduction due to heat radiation by an infrared
lamp or heater heating via a heat exchange plate as a heating
device at the actual time of the film formation.

In addition, according to the above-mentioned conditions,
a sputtering mput electric power and a pressure and a flow
volume of the gas itroduced into the film formation device
are determined to the optimum value, and an appropnate kind
of the gas 1s selected, thereby an effect can be expected that
various orientation domain crystal components including the
(111) onientation and the (001) orientation as the crystal
structure can be strictly controlled, and the lithium potassium
sodium niobate film having a high piezoelectric constant can
be obtained with stability and high reproducibility. Further-
more, a density of the sputtering target material 1s changed
according to the above-mentioned condition, thereby the
same ellect can be also expected.

The upper electrode layer 5 1s formed 1n the upper part of
the piezoelectric film 4 that 1s formed on the substrate by
carrying out the film formation within the range of the opti-
mum condition as mentioned above, the piezoelectric ele-
ment 10 having a high piezoelectric constant can be manu-
factured. In addition, the piezoelectric element 10 1s formed
so as to have a predetermined shape, and a voltage applying
device or a voltage detecting device 1s 1nstalled, thereby vari-
ous piezoelectric devices such as an actuator, a sensor can be
manufactured.

Piezoelectric Device

The piezoelectric element 10 according to the embodiment
shown 1n FIG. 9 1s formed so as to have a predetermined
shape, and a voltage applying device or a voltage detecting
device 1s installed between the lower electrode layer 3 and the
upper electrode layer 5 of the piezoelectric element 10
tformed, thereby various piezoelectric devices such as an
actuator, a sensor can be manufactured. The crystal orienta-
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tion of the lower electrode layer and the piezoelectric film 1n
these devices 1s stably controlled, thereby enhancement of
piezoelectric property and stabilization of the piezoelectric
clement and the piezoelectric device can be realized, and a
micro device having a high performance can be provided at a
low cost. In addition, the piezoelectric element according to
the invention 1s a piezoelectric element 1including the piezo-
clectric film that 1s lead-Iree, thus the piezoelectric element
according to the invention 1s mounted therein, thereby a small
s1ze system device, for example, a micro electro mechanical
system (MEMS) device, such as a small size motor, sensor
actuator that 1s capable of reducing environment load and has
a high performance can be realized.

FIG. 9 1s a cross-sectional view schematically showing a
piezoelectric device according to an embodiment of the
invention. The piezoelectric device 30 according to the
embodiment shows a case that the piezoelectric element 10
according to the embodiment shown in FIG. 1 1s applied to a
variable capacitor. The piezoelectric device 30 includes a
device substrate 31, an insulation layer 32 formed on the
device substrate 31, and a piezoelectric element 10 formed on
the isulation layer 32 and having a structure similar to that
shown 1n FIG. 1. The device substrate 31 and the insulation
layer 32 function as a supporting member that supports one
end portion of the piezoelectric element 10. The piezoelectric
film element 10 1s configured such that the adhesion layer 2,
the lower electrode 3 and the piezoelectric film 4 are formed
on the substrate 1, and the substrate 1 1s extended 1n another
end portion (Ifree end portion) of the piezoelectric element 10,
and an upper capacitor electrode 36 1s formed on the extend-
ing part of the substrate 1 so as to be projected. A lower
capacitor electrode 34 1s formed on the device substrate 31 so
as to be located below the upper capacitor electrode 36 via a
space 33, and an 1nsulation layer 35 comprised of SiN or the
like 1s formed on the surface of the lower capacitor electrode
34.

In addition, when electric voltage 1s applied to the upper
clectrode 5 and the lower electrode 3 via each of bonding
wires 38 A, 38B, the end portion of the piezoelectric element
10 1s displaced, 1n association with this, the upper capacitor
clectrode 36 1s displaced 1n the vertical direction. Due to the
displacement of the upper capacitor electrode 36, the capaci-
tor between the upper capacitor electrode 36 and the lower
capacitor electrode 34 1s changed, so that the piezoelectric
device 30 operates as a variable capacitor.

A voltage applying device (not shown) 1s connected
between the lower electrode layer 3 and the upper electrode 5
ol the piezoelectric element 10 according to the embodiment,
thereby an actuator as a piezoelectric device can be obtained.
A voltage 1s applied to the piezoelectric element of the actua-
tor so as to deform the piezoelectric element, thereby various
members can be operated. The actuator can be used for, for
example, an 1k jetprinter, a scanner, an ultrasonic generator,
and the like.

The piezoelectric element 10 according to the embodiment
1s formed so as to have a predetermined shape and the voltage
applying device (not shown) 1s connected between the lower
clectrode layer 3 and the upper electrode 3, thereby a sensor
as a piezoelectric device can be obtained. When the piezo-
clectric element of the sensor 1s deformed 1n association with
change 1n some kind of physical quantity, a predetermined
voltage occurs depending on the amount of displacement of
the deformation, thus the voltage 1s detected by the voltage
detecting device, thereby various physical quantities can be
measured. The sensor mcludes a gyro sensor, an ultrasonic
Sensor, a pressure sensor, a velocity-acceleration sensor, and

the like.
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EXAMPLE

Example according to the mvention will be explained
below.

FIG. 1 1s a cross-sectional view schematically showing the
piezoelectric element 10 according to Example of the mven-
tion. In the Example, the piezoelectric element 10 was manu-
factured, the piezoelectric element 10 being configured such
that the lower electrode layer 3 and the piezoelectric film 4
comprised of a perovskite type potassium sodium niobate
(Hereatter referred to as “KNN™) are formed 1n the upper part
ol the adhesion layer 2 formed on the Si1 substrate 1 having an
oxide film. At this time, the piezoelectric film 4 has a crystal
structure of pseudo-cubic crystal, tetragonal crystal, orthor-
hombic crystal, monochnic crystal or rhombohedral crystal,
or has a state that at least two of the crystal structures coexists
as a crystal system, and the piezoelectric film 4 can have a
composition of crystal or amorphia represented by a general
formula of ABO,, or the mixture of the crystal and the amor-
phia in at least a part thereot, wherein 1n the general formula,

A represents at least one element selected from the group
consisting of L1, Na, K, Pb, La, Sr, Nd, Ba and Bi1, B repre-
sents at least one element selected from the group consisting
of Zr, T1, Mn, Mg, Nb, Sn, Sb, Ta and In, and O represents
oxygen.

In addition, the lower electrode layer 3 can be comprised of
a Pt alloy, or an alloy containing Ir or Ru. At the time, depend-
ing on the manufacturing condition, a state of the crystal
orientation ol the piezoelectric film 1s varied, so that the
existence ratio of the crystallite component oriented along
cach crystal axis 1s varied.

First, a thermally-oxidized film was formed on the S1 sub-
strate 1, and the lower electrode layer 3 was formed thereon.
At this time, the substrate 1 can be also comprised of a MgO
substrate, a ZnO substrate, a Sr110, substrate, a SrRuOj,
substrate, a glass substrate, a quartz glass substrate, a GaAs
substrate substrate, a GalN, a Ge substrate, a sapphire sub-
strate or a stainless substrate. The lower electrode layer 3 1s
comprised of a Ti1 film of 2 nm 1n thickness formed as the
adhesion layer 2, and a Pt or Au thin film, or a lamination of
both of the thin films, or a thin film of an alloy of Pt and Au,
of 100 nm 1n thickness formed as an electrode layer. A sput-
tering method was used for forming the electrode layer. A
metal target was used as the target for the sputtering, the
sputtering mput electric power at the film formation was 100
W, and as a sputtering gas, an Ar 100% gas, or an Ar and O,
mixed gas, or at least one inert gas mixed gas, the mert gas
being selected from the group consisting of He, Ne, Krand N,
gas.

In addition, a polycrystalline thin film comprised of Pt or
Au was formed at the substrate temperature of 350 degrees C.
at the time of the film formation. Next, the KNN film was
tormed on the lower electrode layer 3 as the piezoelectric film
4. The sputtering method shown 1n FIG. 2 was also used for
the film forming of the KNN film. At the time of forming the
KNN film, the substrate was heated 1n a range of 400 to 500
degrees C., and the sputtering film formation was carried out
by using a plasma due to an Ar and O, (5:5) mixed gas, or an
Ar gas, or at least one inert gas mixed gas, the inert gas being
selected from the group consisting of He, Ne, Kr and N, gas.
In addition, as the target, a ceramic target comprised of
(Na, K L1 )NbO; (x=0.5, y=0.5, Z=0) was used. The film
formation was carried out until the film thickness became 3
um. In addition, even after the film formation, heat treatment
in O,, 1n an 1nert gas, 1 an O, and 1nert gas mixed gas, 1n the
alr or 1n a vacuum was carried out.
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With regard to the KNN film as the piezoelectric film 4
formed as mentioned above, the cross-sectional shape thereof
was observed by using an electron scanning microscope or
the like, as a result, 1t was found that the organization was
configured to have a columnar structure, and the crystal struc-
ture was examined by using a general X-ray diffraction
device, as a result, 1t was found that the Pt thin film described
in Example formed by carrying out the substrate heating was
a thin film formed so as to be oriented 1n the (111) plane
direction and 1n a direction perpendicular to the surface of the
substrate as shown in the X-ray diffraction pattern (20/0 scan
measurement) of FIG. 3. The KNN film was formed on the Pt
film preferentially oriented 1n the (111) plane direction, as a
result, 1t was found that the KNN film formed was a polycrys-
talline thin film having a perovskite type crystal structure of
pseudo-cubic crystal shown 1n FIG. 4.

In addition, as can be seen from the X-ray diffraction
pattern of FIG. 3 measured 1n a wide diffraction range, only
the diffraction peaks of 001, 002, 003 or 100, 200, 300 or a
mixture thereof can be confirmed, thus the KNN film as the
piezoelectric film 4 was preferentially oriented in a state of

approximately (001) or (100) or a mixture thereof. In the
structure analysis of the Example, “D8 DISCOVER with Hi

STAR (registered trade mark)” manufactured by Bruker AXS
was used.

FIGS. 5A, 5B show a state that the domain crystals orien-
tated along each crystal axis are mixed as a cross-sectional
view. F1G. 5A shows a state that the c-axis orientation domain
crystal component 1s larger than the a-axis orientation domain
crystal component. On the other hand, FIG. 5B shows a state
that the a-axis ortentation domain crystal component 1s larger
than the c-axis orientation domain crystal component. In the
Example, the area in which both of the domain crystal com-
ponents are 1n a state of being mixed 1s corresponding to an
X-ray irradiation region of the X-ray diffraction device. In the
X-ray diffraction analysis 1in the embodiment, 002 or 200
diffraction was measured by using an X-ray beam of 100 um
in diameter. The X-ray incident angle 1s approximately 45
degrees, thus an actual evaluation area of the domain crystal
component becomes about 141 um.

FIGS. 6A, 6B show a measurement result of 002 X-ray
diffraction of the piezoelectric film 4 shown in FIG. 4 1n
Example. It can be seen that one diffraction pattern 1s formed
by an overlap of the two X-ray diffractions. At this time, the
spectrum peak of the high angle side 1n the diffraction angle
of the horizontal axis 1s corresponding to the diffraction due
to the a-axis orientation domain crystal component, and the
spectrum peak of the low angle side 1n the diffraction angle of
the horizontal axis 1s corresponding to the difiraction due to
the c-axis orientation domain crystal component. In Miller
indicex notation, each of them 1s described as 002, 200.

FIG. 6 A shows a state that the c-axis orientation domain
crystal component 1s larger than the a-axis orientation domain
crystal component. With regard to the X-ray diffraction spec-
trum shown in the drawing, an integration strength calcula-
tion 1s carried out as to each of the orientation domain com-
ponents, thereby the domain component ratio between the
c-axis orientation and the a-axis orientation can be estimated.
The actual integration strength calculation was obtained by a
spectrum fitting analysis using a distribution function such as
Gauss function, Lorentz function, Pseudo Voight function
that 1s a convolution function of Gauss function and Lorentz
function, Pearson function and Split Pseudo Voight function.
It was found that the a-axis orientation domain crystal com-
ponent ratio 1s approximately 33% and the c-axis orientation
domain crystal component ratio 1s approximately 67% led
from the diffraction spectrum shown 1n FIG. 6 A. The piezo-
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clectric constant d,, of the piezoelectric film 4 was 53 pm/V
when the applied voltage 1s 2V, and was 80.3 pm/V when the
applied voltage 1s 30V that 1s higher than 2 V. At this time, the
voltage dependence of the piezoelectric constant that 1s
shown 1n FIG. 8 as relative change was 0.017.

On the other hand, FIG. 6B shows a state that the a-axis
orientation domain crystal component is larger than the c-axis
orientation domain crystal component. At the time, the a-axis
orientation domain crystal component ratio 1s approximately
55% and the c-axis orientation domain crystal component
ratio 1s approximately 45% obtained from the integration
strength calculation. The piezoelectric constant d,; was 42.7
pm/V when the applied voltage 1s 2 V, and was 93.6 pm/V
when the applied voltage 1s 30V that 1s higher than 2 V. At this
time, the relative change that 1s the voltage dependence of the
piezoelectric constant was 0.040 (FIG. 8). Namely, in case of
increase 1n the a-axis orientation domain crystal component,
it 1s observed that the voltage dependence of the piezoelectric
constant 1s large, and the piezoelectric constant in a high
voltage 1s enhanced. This case 1s suitable for an actuator use
in which wide operation range 1s required.

On the other hand, in case of increase 1n the c-axis orien-
tation domain crystal component, increase 1n the piezoelec-
tric constant 1n a low voltage 1s expected. This case has amerit
that a high electric field can be obtained by a weak signal, in
other words by a minute force, thus the case 1s suitable for a
sensor application in which high sensitivity 1s required.

Asthe Example, FIG. 7 shows a change of the piezoelectric
constant to the c-axis orientation domain crystal component
or the a-axis orientation domain crystal component when a
low voltage (2 V) and a high voltage (30 V) are applied. The
lower horizontal axis shows the c-axis orientation domain
crystal component ratio, the upper horizontal axis shows the
a-axis orientation domain crystal component ratio, and the
vertical axis shows the piezoelectric constant. Here, as an
example, a piezoelectric constant obtained when voltage of 2
V or 30V 1s applied 1s respectively shown. Further, the unit of
the piezoelectric constant 1s arbitrary, but a particular
example of the actual piezoelectric constant includes d, 4 that
1s a change amount of expansion and contraction in a direc-
tion perpendicular to the electrode surface (in a direction of
thickness), and d,, that 1s a change amount of expansion and
contraction i a direction along the electrode surface. As
shown 1n FIG. 7, 1t can be seen that a tendency 1s shown that
the more the c-axis orientation domain crystal component
ratio 1s increased or the more the a-axis orientation domain
crystal component ratio 1s decreased, the more the piezoelec-
tric constant at the time of applying voltage of 2 V 1s
increased.

On the other hand, a tendency 1s shown that the piezoelec-
tric constant at the time of applying voltage of 30 V higher
than 2 V 1s decreased. Namely, 11 the manufacturing 1s carried
out while being controlled such that the c-axis orientation
domain crystal component 1s 1increased, a piezoelectric ele-
ment that exhibits a high piezoelectric constant 1n a low
voltage can be realized. In addition, 1f the manufacturing 1s
carried out while being controlled such that the a-axis orien-
tation domain crystal component 1s increased, a piezoelectric
clement that exhibits a high piezoelectric constant in a high
voltage can be realized.

Next, 1n order to study the voltage dependence ol the piezo-
clectric constant, the relative change of the piezoelectric con-
stant 1s examined throughout the voltage of 2V to 30 V. FIG.
8 shows the study result. Here, in the Example, the relative
change amount of the piezoelectric constant i1s defined as a
standardized value (R ;) representing an amount of a piezo-
clectric constant change relative to a voltage change, as
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shown 1n the following formula, that 1s obtained by dividing,
a ratio (Ad/AV) that 1s a ratio of a piezoelectric constant
change (Ad) throughout 2 V to 30 V relative to a voltage

change (AV), by a piezoelectric constant (d, ) 1n a low voltage
(2V).

1 Ad

Ra= T3y

R ;: an amount of a piezoelectric constant change relative to a
voltage change

d,: a piezoelectric constant 1n a low voltage (2 V)

Ad: a piezoelectric constant change

AV: a voltage change

As shown 1n FIG. 8, 1t can be seen that the more the c-axis
orientation domain crystal component ratio 1s increased or the
more the a-axis orientation domain crystal component ratio 1s
decreased, the more the amount of the piezoelectric constant
change relative to the voltage change 1s decreased. Namely,
this shows that the more the c-axis orientation domain crystal
component 1s increased, the smaller the voltage dependence
of the piezoelectric constant becomes, so that the variation
width of the piezoelectric property due to increase and
decrease of the voltage can be prevented. In addition, 1t can be
seen that the more the a-axis orientation domain crystal com-
ponent 1s 1ncreased, the larger the voltage dependence of the
piezoelectric constant becomes.

As shown 1n FIG. 7, according to the increase in the a-axis
orientation domain crystal component, the increase in the
piezoelectric displacement amount can be expected, but
variation width relative to voltage 1s enlarged. It 1s considered
that the above-mentioned case 1s suitable for a device such as
an actuator required that the piezoelectric displacement
amount 1s widely controlled according to largeness of the
applied voltage.

As mentioned above, 1n the piezoelectric element that 1s
comprised of a multilayered structure that includes a sub-
strate, and at least a lower electrode layer, a piezoelectric film
and an upper electrode layer successively formed on the sub-
strate, the crystal orientation 1s accurately controlled such that
the piezoelectric film has a crystal structure of pseudo-cubic
crystal, tetragonal crystal, orthorhombic crystal, monoclinic
crystal or rhombohedral crystal, or has a state that at least two
of the crystal structures coexists, the piezoelectric film 1s
preferentially oriented to certain specific axes that are not
more than two axes of crystal axes in the crystal structures,
and at least one of domain crystal component of a c-axis
orientation domain crystal component and an a-axis orienta-
tion domain crystal component exists as the components of
the crystal axes oriented, and preferably, a quantitative rela-
tion between the c-axis orientation domain crystal component
and the a-axis orientation domain crystal component as the
components of the oriented crystal axes of the piezoelectric
film 1s configured such that, 1f the total component ratios of
both of the components are defined as 100%, the component
ratio of the c-axis orientation domain crystal component falls
within the range o1 10 to 90%, and the component ratio of the
a-axis orientation domain crystal component falls within the
range of 90 to 10%, thereby a piezoelectric element that has
an excellent piezoelectric property and a high reliability can
be provided. In addition, the domain crystal component ratio
of the crystal axis of the piezoelectric film of the piezoelectric
clement 1s freely and accurately controlled, thereby a device
including the piezoelectric element according to the invention
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can be provided as a piezoelectric device that has a property
satisiying required performance.

Although the mnvention has been described with respect to
the specific embodiments for complete and clear disclosure,
the appended claims are not to be thus limited but are to be
construed as embodying all modifications and alternative
constructions that may occur to one skilled 1n the art which
tairly fall within the basic teaching herein set forth.

What 1s claimed 1s:
1. A piezoelectric element, comprising:
a substrate; and
at least a lower electrode layer, a piezoelectric film repre-
sented by a general formula of (NaxKyLiz)NbO,
(O=x=1, O=y=l, 0=z=0.2, x+y+7z=1), and an upper eclec-
trode layer successively formed on the substrate,

wherein the piezoelectric film includes a crystal structure
of a pseudo-cubic crystal, a tetragonal crystal, an orthor-
hombic crystal, a monoclinic crystal, or arhombohedral
crystal, or has a state that at least two of the crystal
structures coexist,

wherein the piezoelectric film 1s preferentially oriented to

two crystal axes 1n the crystal structures, and

wherein components of crystal axes oriented of the piezo-

clectric film consist essentially of a c-axis orientation
domain crystal component and an a-axis orientation
domain crystal component.

2. The piezoelectric element according to claim 1, wherein
a quantitative relationship between the c-axis orientation
domain crystal component and the a-axis orientation domain
crystal component as the components of the oriented crystal
axes of the piezoelectric film 1s configured such that, if total
component ratios of both of the components are defined as
100%, the component ratio of the c-axis orientation domain
crystal component falls within a range of 10 to 90%, and the
component ratio of the a-axis orientation domain crystal com-
ponent falls within the range of 90 to 10%.

3. The piezoelectric element according to claim 1, wherein
the piezoelectric film includes an aggregate structure com-
prising particles including a columnar structure.

4. The piezoelectric element according to claim 1, wherein
the piezoelectric film comprises a crystal or an amorphia
represented by a general formula of ABO;, or a mixture of the
crystal and the amorphia in at least a part thereof, where A
represents at least one element selected from the group con-
sisting of L1, Na, K, Pb, La, Sr, Nd, Ba, and Bi1, and B
represents at least one element selected from the group con-
sisting of Zr, Ti, Mn, Mg, Nb, Sn, Sb, Ta, and In, and O
represents oxygen.

5. The piezoelectric element according to claim 1, wherein
the lower electrode layer comprises an electrode layer com-
prising Pt or an alloy containing Pt as a main component, or an
clectrode layer comprising a multilayer structure including a
layer comprising Pt as a main component.

6. The piezoelectric element according to claim 1, wherein
the lower electrode layer comprises an electrode layer com-
prising a multilayer structure including a layer comprising at
least one element selected from the group consisting of Ru, Ir,
Sn, and In, an oxide of the elements, or a compound between
clements contained 1n the piezoelectric film and elements of

Ru, Ir, Sn, and In.
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7. The piezoelectric element according to claim 1, wherein
the upper electrode layer comprises an electrode layer com-
prising Pt or an alloy containing Pt as a main component, or an
clectrode layer comprising a multilayer structure including a
layer comprising Pt as a main component.

8. The piezoelectric element according to claim 1, wherein
the upper electrode layer comprises a multilayer structure
including a layer comprising at least one element selected
from the group consisting of Ru, Ir, Sn, and In, an oxide of the
clements, or a compound between elements contained in the
piezoelectric film and elements of Ru, Ir, Sn, and In.

9. The piezoelectric element according to claim 1, wherein
the lower electrode layer comprises a single layer structure or
a multilayer structure, and the lower electrode layer 1s pret-
erentially oriented 1n a direction perpendicular to a surface of
the substrate in the crystal orientation.

10. The piezoelectric element according to claim 1,
wherein the substrate comprises a crystal or an amorphia of
S1, MgO, ZnO, Sr110,, SrRuQO,, glass, quartz glass, GaAs,
GaN, sapphire, Ge, or stainless, or a composite thereof.

11. A piezoelectric device, comprising:

the piezoelectric element according to claim 1; and

a voltage detecting device connected between the lower

clectrode layer and the upper electrode layer of the
piezoelectric element,

wherein the c-axis orientation domain crystal component 1s

more than the a-axis orientation domain crystal compo-
nent.

12. A sensor, comprising:

the piezoelectric device according to claim 11.

13. A piezoelectric device, comprising:

the piezoelectric element according to claim 1; and

a voltage applying device connected between the lower

clectrode layer and the upper electrode layer of the
piezoelectric element,

wherein the a-axis orientation domain crystal component 1s

more than the c-axis orientation domain crystal compo-
nent.

14. An actuator, comprising;:

the piezoelectric device according to claim 13.

15. The piezoelectric element according to claim 1,
wherein the piezoelectric film has the state that the at least two
of the crystal structures coexist.

16. The piezoelectric element according to claim 1,
wherein the a-axis orientation domain crystal component 1s
more than the c-axis orientation domain crystal component.

17. The piezoelectric element according to claim 1,
wherein the c-axis orientation domain crystal component 1s
more than the a-axis orientation domain crystal component.

18. A piezoelectric device, comprising:

the piezoelectric element according to claim 1,

wherein the c-axis orientation domain crystal component 1s

more than the a-axis orientation domain crystal compo-
nent.

19. A piezoelectric device, comprising:

the piezoelectric element according to claim 1,

wherein the a-axis orientation domain crystal component 1s

more than the c-axis orientation domain crystal compo-
nent.
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